Introduction
Osteoporosis is a disease of bone fragility caused by "low bone mass and microarchitectural deterioration of bone tissue," leading to an increased risk of fracture [1] . Two million fractures occur in the United States annually, and of these, 300,000 occur in the hip or proximal femur [2] . The standard of care test for the diagnosis of osteoporosis is dual-energy X-ray absorptiometry (DXA) estimation of areal bone mineral density (BMD) in the proximal femur and lumbar spine. However, DXA does not assess bone microarchitecture, which is included in the World Health Organization (WHO) definition of osteoporosis. Furthermore, the majority of patients with fragility fractures do not even meet DXA criterion for an osteoporosis diagnosis (BMD T score <−2.5) [3] .
Bone microarchitecture, which refers to the unique shape, arrangement, and geometry of bone tissue on the microstructural level, can be assessed noninvasively in vivo via high-resolution magnetic resonance imaging (MRI) [4, 5] . Many studies have shown the value of assessing morphologic and topologic parameters of bone microstructure (e.g., trabecular number, plate-to-rod ratio, and connectivity) for the improved detection of patients at risk for fracture and the more sensitive monitoring of disease
Abstract
Introduction Osteoporosis is a disease of weak bone. Our goal was to determine the measurement reproducibility of magnetic resonance assessment of proximal femur strength. Methods This study had institutional review board approval, and written informed consent was obtained from all subjects. We obtained images of proximal femur microarchitecture by scanning 12 subjects three times within 1 week at 3T using a high-resolution 3-D FLASH sequence. We applied finite element analysis to compute proximal femur stiffness and femoral neck elastic modulus. Results Within-day and between-day root-mean-square coefficients of variation and intraclass correlation coefficients ranged from 3.5 to 6.6 % and 0.96 to 0.98, respectively.
3
progression and treatment response [5, 6] . In addition, finite element analysis (FEA), an engineering method, permits assessment of mechanical properties of bone microstructure in vivo [6] . This is highly appealing since osteoporosis is ultimately a disease of low bone strength.
Due to limitations in signal-to-noise ratio (SNR), MRI studies of bone microarchitecture have been performed almost exclusively in the distal radius or distal tibia, and not in the proximal femur, the most devastating site of fragility fracture. However, recently, in vivo imaging of proximal femur microarchitecture has become possible in vivo due to SNR gains stemming from multichannel coils and SNR efficient pulse sequences [7, 8] . In one cross-sectional study, FEA applied to MR images of proximal femur microarchitecture detected lower bone strength in subjects with fragility fractures compared with control subjects who did not differ by BMD [9] .
If a test is to be used clinically, its measurement precision must be determined. The goal of this study was to determine the measurement reproducibility for in vivo MRI-based FEA of proximal femur microarchitecture. This information is needed in order to calculate sample sizes for longitudinal studies of disease progression or response to therapy.
Materials and methods

Subject recruitment
This study had institutional review board approval and written informed consent was obtained from all subjects. From the Osteoporosis Center at our institution, we recruited 12 subjects without fracture (10 female, 2 male; mean age = 57.4 ± 13.6 years). The mean total hip BMD T score for subjects was −1.9 ± 0.8 and the mean femoral neck BMD T score for subjects was −2.3 ± 0.8.
MRI scanning
The non-dominant proximal femur of each subject was scanned three times (twice on one day with repositioning between scans, and once 1 week later) on a 3T whole body MRI scanner (Siemens Skyra, Erlangen, Germany) using a 26 element receive-coil setup (18 elements from a body matrix coil anteriorly and eight elements from a spine coil posteriorly) [9] . The coil was wrapped around the hip and secured by sandbags laterally and a velcro strap. We used a 3-dimensional (3-D) fast low-angle shot sequence (FLASH) with the following scan parameters: repetition time (TR)/echo time (TE) = 37 ms/4.92 ms, 0.234 mm × 0.234 mm, slice thickness = 1.5 mm, 60 coronal slices, bandwidth = 200 Hz/pixel, parallel acceleration [generalized autocalibrating partially parallel acquisition (GRAPPA) factor = 2, and acquisition time = 15 min 18 s]. The imaging parameters were chosen in order to have the smallest voxel size possible while maintaining high enough SNR to visualize trabeculae and, most importantly, perform the image analysis (minimum of SNR ~10-15 required [5] ).
Segmentation of images and generation of a bone volume fraction map Figure 1a illustrates the workflow for image analysis. First, under the guidance of a musculoskeletal radiologist, the whole proximal femur was segmented from surrounding soft tissues using in-house developed software (Firevoxel). Next, the grayscale values of the images were linearly scaled to cover the range from 0 % to 100 %, with pure marrow and bone intensity in the femur having minimum and maximum values, respectively [6] . This approach allows us to account for both partial volume effects and the presence of red marrow, which may have a different signal intensity than fatty marrow. We refer to the resulting 3-D array representing the fractional occupancy of bone at each voxel location as the bone-volume fraction (BVF) map.
Finite element analysis to compute whole proximal femur stiffness and femoral neck elastic modulus in a simulated sideways fall
We applied finite element analysis to MR images of proximal femur microarchitecture to assess metrics of bone strength [9] . Similar to BMD, which is assessed for the total hip and femoral neck, we assessed bone strength separately at the level of the whole proximal femur (bone stiffness) and for a 10 × 10 × 10 mm 3 volume of interest centered at the femoral neck (elastic modulus). In brief, each voxel from the selected BVF map (whole proximal femur or femoral neck volume of interest) was converted into a hexahedral finite element with dimensions corresponding to the voxel size. The material properties of bone were chosen as isotropic and linearly elastic with Young's modulus (YM) set to be linearly proportional to the BVF value such that YM = 15 GPa × BVF while the Poisson's ratio was set at 0.3 for all elements. Since a sideways fall is the only fall characteristic that is associated with hip fracture [10] , we performed simulated sideways loading along the bone's medial-lateral axis by applying a constant displacement (~1 % strain) to all finite element nodes of the femoral head in contact with the acetabulum while constraining those in the greater trochanter. The FE system was solved to yield a 3D strain map. Finally, whole proximal femur stiffness or femoral neck elastic modulus was obtained as the ratio of the resulting stress to the strain.
Statistical analysis
All statistical analysis was performed in SPSS v. 20 (IBM, Somers, New York). We computed the within-day and between-day root-mean-square coefficient of variation (RMS-CV), as well as the intraclass correlation coefficient (ICC) for whole proximal femur stiffness and femoral neck elastic modulus. Figure 1b shows MR images and strains maps (sideways fall) from three scans in one subject. Individual trabeculae are visible on images, and there is similar spatial variation in bone microarchitecture and strain on all three sets of images and maps.
Results
FEA revealed the aggregate mean whole proximal femur stiffness for the 12 subjects to be 2.86 ± 1.38 GPa ( Table 1) . Plots of whole proximal femur stiffness for scans 1 and 2 (within-day scans) and scans 1 and 3 (between-day scans) are shown in Fig. 2a . The within-day RMS-CV for whole proximal femur stiffness was 4.8 %, and the ICC was 0.98 (0.91-0.98) ( Table 1 ). The between-day RMS-CV for whole proximal femur stiffness was 5.2 %, and the ICC was 0.97 (0.89-1.00) ( Table 1) .
FEA revealed the mean femoral neck elastic modulus for the 12 subjects to be 4.69 ± 2.09 GPa ( Table 1) . Plots of femoral Fig. 1 a The image analysis workflow: (1) MRI scanning; (2) generation of bone volume fraction map; (3) performance of FEA to compute whole proximal femur stiffness and femoral neck elastic modulus. b Three representative MR images (top row) and corresponding microstructural strain maps (bottom row) from one subject. Scanning was performed twice on 1 day (with repositioning between scans) and once 1 week later neck elastic modulus for scans 1 and 2 (within-day scans) and scans 1 scan 3 (between-day scans) are shown in Fig. 2b . The within-day RMS-CV for femoral neck elastic modulus was 3.5 %, and the ICC was 0.96 (0.88-0.99) ( Table 1) . The between-day RMS-CV for femoral neck elastic modulus was 6.6 %, and the ICC was 0.97 (0.90-0.99) ( Table 1) .
Discussion
We report the measurement reproducibility for MRI-based FEA of proximal femur microarchitecture to compute metrics of bone strength in vivo. The reproducibility is suitable for clinical longitudinal studies of disease progression or treatment response as outlined below. In addition, unlike FEA based on computed tomography (CT) images of the hip [11] , this high-resolution MRI method permits visualization of individual trabeculae within the hip, and it does not administer ionizing radiation (safer for repeat scanning of the hip, which is close to radiosensitive organs in the pelvis). The proximal femur is an important osteoporotic fracture site, as proximal femur fractures result in high mortality in the first year after fracture and account for approximately 70 % ($12 billion) of the direct annual costs in fracture care in the United States [2] . Table 1 Aggregate mean, and within-day, and between-day root-mean-square coefficients of variation (RMS-CV) and intraclass correlation coefficients (ICC) with confidence intervals for whole proximal femur stiffness and femoral neck elastic modulus The motivation for using new methods to assess bone strength stems from limitations in DXA's ability to: (1) detect patients with skeletal fragility that are at risk for fracture and (2) monitor short-term changes in disease progression or treatment response. For example, most patients with osteoporotic fractures are misclassified by DXA as not osteoporotic [3] . In addition, after the start of antiresorptive therapy, BMD requires 1-2 years to change by only 0-4 %, and such small changes in BMD do not explain antifracture effects (up to 50 % lower fracture risk) [12] . DXA's low sensitivity for monitoring treatment response results in lengthy and expensive clinical trials [12] . In contrast, microarchitectural changes are detectable in vivo as early as 6-12 months in longitudinal disease progression [6] and treatment response studies [5] .
The measurement reproducibility reported in this study is similar to that reported for MR-based FEA performed in the distal extremities. Within the distal radius and distal tibia, the coefficients of variation for MRI-based mechanical parameters were reported as 4 % [13] and less than 5 % [14] , respectively. We believe that the reproducibility in our study was similarly high for a few reasons. First, there was little motion artifact on the images. This is likely because the hip is not mobile with the patient lying supine, and because we secured the coil with sandbags laterally and a Velcro strap. In the future, we could minimize motion artifact by implementing motion correction steps [5] or more SNR efficient pulse sequences (e.g., steady-state free precession and fast spin-echo [7] ), which would permit reduced imaging time. Second, to minimize variation in image analysis, a musculoskeletal radiologist oversaw the segmentation of the whole proximal femur and femoral neck volumes of interest. We do note that our between-day reproducibility was slightly higher than the within-day reproducibility. This is probably due to small differences in patient positioning. In the future, atlas-based segmentation/registration could improve the reproducibility further [15] ; this strategy has been successfully used in the neuroimaging community over the last 15 years.
Establishment of the reproducibility of this method is necessary to determine sample sizes for longitudinal studies of response to therapy. For example, given the CV of 5.6 % for whole proximal femur stiffness in this study, a clinical trialist would need to scan ten subjects before and after treatment with a bone-strengthening intervention to detect a 5.6 % improvement in proximal femur stiffness with 80 % power at the 5 % significance level. If the CV were 11.2 % (twice as high), the clinical trialist would require 34 subjects scanned before and after treatment to detect a 5.6 % increase in proximal femur stiffness with 80 % power at the 5 % significance level. Overall, the CVs that we report in this study are suitable for longitudinal studies of disease progression or response to therapy.
This study has limitations. First, the voxel size is larger than that obtained when performing high-resolution MRI of the distal extremities. This is because the SNR achievable when imaging deep anatomy such as the hip (6-10 cm from the skin surface) is lower than the SNR achievable when imaging the distal radius/tibia, which are relatively superficial (1-3 cm from the skin surface) and close to the radiofrequency coil. Nevertheless, because of the higher SNR permitted by multielement receive arrays, including the receive setup used in this study [8] , the resolution achieved is still sufficient to depict individual trabeculae. We also note that the resolution for in vivo MRI-based FEA is still higher than that achievable with CT-based FEA (0.674-1.08 mm inplane, 3 mm slice thickness [11] ), which also exposes the patient to ionizing radiation. Second, we note that the FE solver used in this study was developed in-house. However, FEA software is widely used in the mechanical engineering industry and is commercially available for purchase. Third, we note that the scan time was relatively long, which increases the chance for motion artifact, especially when imaging at high-resolution. As stated above, the implementation of motion correction steps [5] and more SNR efficient pulse sequences with shorter scan times [7] should help reduce these artifacts. Finally, regarding the FEA, we made assumptions for the Young's modulus, and Poisson ratio for the proximal femur, and isotropic elements, rather than anisotropic elements, would have been ideal. However, we note that the values chosen were based on values from the literature. In addition, low resolution, CT-based continuum FEA of the proximal femur with anisotropic voxels (0.674-1.08 mm in-plane, 3 mm slice thickness) has been shown in vitro to correlate strongly with bone strength computations derived from the gold standard of mechanical testing [11] . In the future, it will be important to compare MRI-based predictions of bone strength with CT-based predictions of bone strength.
Conclusion
In conclusion, we report the high measurement reproducibility for in vivo MRI-based FEA of proximal femur microarchitecture. This method can be performed using a commercially available coil and product sequence. The reproducibility is suitable for in vivo studies and will allow clinicians to determine sample sizes for longitudinal studies of disease progression or response to treatment.
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